Background: Experimental studies suggest that surgical injury may up-or down-regulate nociceptive function. Therefore, the aim of this clinical study was to evaluate the effect of elective arthroscopically assisted knee surgery on nociceptive responses to a heat injury.
TISSUE injury is associated with peripheral and central changes in the nociceptive system leading to primary hyperalgesia in the inflammatory area and secondary hyperalgesia in neighboring noninjured tissue, which may contribute to an increase in pain perception. 1 These pain-sensitizing mechanisms have been well documented in the incisional area after surgery. [2] [3] [4] [5] [6] However, noxious stimulation per se may also attenuate pain perception by activation of supraspinal descending systems with widespread inhibition of nociceptive transmission in the spinal cord, i.e., diffuse noxious inhibitory controls (DNICs) or stress-induced analgesia. 7, 8 Few clinical studies have systematically evaluated nociceptive responses to various stimuli beyond the hyperalgesia territories associated with surgery. A study in hysterectomy patients of nociceptive electromyographic reflexes after electrical stimulation of the sural nerve indicated a decrease in pain threshold, 9 whereas a study in patients undergoing herniated disc surgery demonstrated an increase in electrical pain threshold. 10 In two studies using pressure algometry at a distant control site, no difference in pain thresholds was demonstrated preoperatively versus postoperatively. 2, 11 However, in these studies, the stimulus has been of a noninflammatory origin. Therefore, the aim of the current study was to evaluate in detail the nociceptive responses to a validated burn model 12 applied before and after standardized knee surgery to assess whether nociceptive functions were up-or down-regulated postoperatively.
Materials and Methods
The protocol was approved by the regional Ethical Committee (Copenhagen, Denmark). After written informed consent, 18 medication-free, otherwise healthy patients scheduled to undergo arthroscopic repair of the anterior cruciate ligament on an outpatient basis and 16 healthy nonsurgical volunteers serving as controls were included. All subjects participated before inclusion in a 30-min training and information session and became familiar with the burn injury, quantitative sensory testing, and ratings of pain perception with a visual analog scale (VAS; scale, 0 -100 mm; fig. 1 ). All sensory testing was performed in a quiet laboratory environment with a temperature of 21°-23°C. During measurements, the subjects rested comfortably in a reclined chair and were not aware of results of the sensory testing during any part of the study.
Study Design
The number of subjects required to demonstrate a difference of 20% of the mean for thermal and mechanical pain thresholds and secondary hyperalgesia areas between study days was calculated to be 16 for 2␣ ϭ 0.05 (type I error of 5%) and ␤ ϭ 0.20 (type II error of 20%, i.e., a power of 80%) based on a methodologic study of the burn model. 12 Eighteen patients were chosen to account for potential dropouts.
In all subjects, the two burn injuries were separated by 7 days. In the patients, the first burn injury was induced 6 days before surgery, and the second burn was induced 1 day after surgery. All patients received, for 2 days before the first burn injury, the standard postoperative pain treatment with 800 mg ibuprofen every 8 h and 1 g acetaminophen every 6 h. The control volunteers were unmedicated. Assessments on the two study days were identical and included, in chronological order, assessment of area of secondary hyperalgesia, mechanical pain threshold for punctate stimuli, mechanical pain perception for punctate stimuli, heat pain threshold, heat pain perception, and mechanical pressure pain threshold. Assessments were obtained immediately before (baseline) and 1 h after induction of the burn injury.
Burn Procedure
Burn injuries were induced on the medial aspect of the calf contralateral to the surgical side in the patients and on the nondominant side in the nonsurgical volunteers with a 25 ϫ 50-mm thermode (Modular Sensory Analyzer; Somedic AB, Hörby, Sweden), as previously described. 12 The areas were carefully delineated with a ruler, and both burn injuries were made on the same location. The thermode was applied for 7 min at 47°C with standardized pressure (49 mmHg), causing a firstdegree burn injury. Subjects rated pain intensity on a horizontal VAS (0 -100 mm), anchored by "no pain" (0 mm) and "the worst imaginable pain" (100 mm), at the start of the injury and every minute during the burn.
Mechanical Assessments
The area of secondary hyperalgesia developing around the burn injury was assessed by a rigid von Frey monofilament (nominal buckling force 640 mN [No. 17]; Senselab Aesthesiometer; Somedic AB). The border was determined by stimulating well outside the area along eight linear paths converging toward the central part of the burn. 13 The patient was instructed to indicate a definite change to discomfort or pain during stimulation. The eight demarcating points of mechanical secondary hyperalgesia were traced onto a transparent acetate sheet, and the areas were calculated using a vector-based algorithm (Meditec ® ; Meditec, Copenhagen, Denmark).
The mechanical pain threshold within the burn area and 3-5 mm outside the burn area was assessed by stimulation with progressively rigid calibrated von Frey monofilaments in ascending order starting with No. . The mechanical pain threshold was defined as the lowest force that elicited a sensation of pain or discomfort. Eight stimuli applied with a rate of 0.5 Hz were made with each von Frey filament until at least four of the stimuli caused pain or discomfort. From this initial threshold, the up-and-down method was used for two additional assessments. 14 The median of the three assessments was reported as the mechanical pain threshold. If von Frey filament No. 17 did not elicit a sensation of pain or discomfort, the observation was assigned the value of 18.
The mechanical pain perception (VAS, 0 -100 mm) was assessed by five stimuli of a rigid von Frey filament (No. 17) in the burn area and 3-5 mm outside the burn area. Pressure pain threshold was assessed with a handheld electronic pressure algometer (Somedic AB) with a circular stimulation probe (0.28 cm 2 ) applied at the superior margin of the ipsilateral patella at an angle of 45°to the skin with the supported knee in 45°flexion. 11 Pressure was increased by 75 mmHg s Ϫ1 , and the patient was instructed to indicate when the sensation changed to pain. Pressure pain thresholds were assessed in triplicate, and the median value was used in the analysis.
Thermal Assessments
The heat pain threshold was assessed by the 12.5-cm 2 thermode in the burn area, 13 and the subjects were instructed to indicate when the sensation of warmth changed to pain. Assessments were made in triplicate with randomized interstimuli intervals of 4 -6 s, starting from a baseline temperature of 32°C, with a ramp rate of 1°C/s and a cutoff limit of 50°C. Heat pain perception (VAS) was evaluated with a 10-s 45°C heat stimulus in the burn area with an initial ramp rate from baseline temperature of 2.5°C/s.
Anesthesia, Surgery, and Postoperative Analgesia
Premedication was not given. Induction of anesthesia was with 2-3 mg/kg propofol and 1-2 g/kg sufentanil, and ventilation was with air in oxygen (fraction of inspired oxygen [FIO 2 ] ϭ 0.4). Anesthesia was maintained with an infusion of 3-4 mg/kg propofol and incremental doses of 0.5-1.0 g/kg sufentanil. The repair of the anterior cruciate ligament was performed by a standardized three-incision approach, transarthroscopically assisted, using autograft bone-patella-tendon-bone fixated by titanium interference screws. At the end of surgery, 40 ml bupivacaine, 2.5 mg/ml, was given intraarticularly and incisionally followed by 30 mg ketorolac intravenously. Postoperative analgesia was with 800 mg oral ibuprofen every 8 h and 1 g acetaminophen every 6 h.
Statistical Analysis
Presurgery data, i.e., baseline and changes from baseline (1 h after burn Ϫ baseline), were compared with corresponding postsurgery data using the Wilcoxon signed-rank test. Comparisons of VAS measurements during the burn were based on the area under curve. Values are median (25%-75% interquartile range) unless otherwise stated. P Ͻ 0.05 was considered statistically significant.
Results

Demographics
Data from one patient (patient 10) were excluded because of readmission on day 1 after surgery because of severe anxiety and pain. Therefore, the second burn injury was not made. The median ages of the patients and the controls were 27 (25-32) and 31 (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) yr, respectively (P Ͼ 0.1). The male/female ratio was 14/4 for the patients and 13/1 for the controls (P Ͼ 0.2).
Preburn Assessments
Resting pain (VAS) on the morning before the presurgery burn injury was 1 (0 -5) and before the postsurgery burn injury, 40 (21-69) (P Ͻ 0.0001). Baseline values for the presurgery burn injury compared to the postsurgery burn injury did not differ in regard to mechanical pain threshold and pain perception to punctate stimuli (figs. 1A-C, P Ͼ 0.1), heat pain perception ( fig. 1D , P ϭ 0.06), or mechanical pressure pain threshold ( fig. 1E , P Ͼ 0.2). However, postsurgery baseline values for heat pain threshold, 47.0°C (45.9°-48.1°C), were significantly higher compared to presurgery values, 46.0°C (44.3°-47.9°C) ( fig. 1F , P Ͻ 0.001).
In the control group, there was no difference in baseline values for mechanical pain threshold, mechanical pain perception, or mechanical pressure pain threshold, but a significant increase in heat pain threshold (table 1, P ϭ 0.01) and a significant decrease in heat pain perception (table 1, P ϭ 0.001) were observed.
Pain during Induction of Burn
There was no difference in median VAS scores during induction of the presurgery burn injury compared to the postsurgery burn injury, 28 (20 -45) versus 29 (22-34), respectively ( fig. 2A , P Ͼ 0.8). In the control group, the median VAS score during the first and second burn injuries was 25 (24 -30) and 29 (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) , respectively (P Ͼ 0.2).
Postburn Assessments
All patients developed circumscript areas of secondary hyperalgesia with no significant difference between the first and second burns ( fig. 2B , P Ͼ 0.1). Mechanical pain threshold for punctate stimuli decreased significantly in the burn area and outside the burn area (figs. 1A and B, P Ͻ 0.02) but without differences between the preoperative and postoperative burns (P Ͼ 0.08). Mechanical pain perception increased significantly ( fig. 1C , P Ͻ 0.001) after both burn injuries but without differences between preoperative and postoperative assessments (P Ͼ 0.1). The burn injuries induced a significant decrease in heat pain threshold ( fig. 1F , P Ͻ 0.0001) and a significant increase in heat pain perception ( fig. 1D , P Ͻ 0.0001) but without differences between the preoperative and the postoperative assessments (P Ͼ 0.5). The mechanical pressure pain thresholds did not differ before and after surgery ( fig. 1E , P Ͼ 0.8).
In the control group, the burn injuries induced secondary hyperalgesia and significant changes in mechanical pain threshold (P Ͻ 0.0001), mechanical pain perception (P Ͻ 0.002), heat pain threshold (P Ͻ 0.001), and heat pain perception (P Ͻ 0.0001) but without significant changes between the first and second burn injuries (table 1) .
Discussion
The main finding of this study was that arthroscopic knee surgery did not seem to modify hyperalgesic responses to an experimental heat injury applied at a site distant to the incisional area. We are not aware of any previous study systematically examining effects of surgery on nociceptive responses to a controlled inflammatory injury. The first-degree burn injury model, which is consistently associated with development of primary and secondary hyperalgesia, has been validated 12 and used in a number of physiologic and pharmacodynamic studies. 13 Interpretation of the postoperative data requires careful comparison with data from the control group. Although nearly all sensory parameters were unchanged after surgery, a highly significant postoperative increase in baseline heat pain detection threshold was seen. This was also observed in the control group, and therefore, the increase in baseline value does not seem related to surgery per se but more likely represents habituation. A decrease in heat pain threshold has previously been observed in the burn injury model even when two burn injuries were made 21 days apart. 12 A significant decrease in baseline heat pain perception, probably also due to habituation, was observed in the control group, and a similar trend was noted in the surgical group (P ϭ 0.06). Data from the control group thus corroborate our findings that arthroscopic knee surgery does not seem to modify hyperalgesic responses to an experimental inflammatory injury.
Evaluation of punctate pain thresholds with von Frey monofilaments does have its limitations because in a number of patients, even the most rigid monofilament (No. 17) did not evoke pain or discomfort at baseline measurements (n ϭ 14) or at postburn measurements (n ϭ 4). These patients were assigned an arbitrary value of 18. 12 Thus, pain thresholds could be regarded as a composite measure of hyperalgesia, i.e., in patients with a baseline threshold of 17 or less, or allodynia, i.e., in patients with a baseline threshold of 18. However, in 16 patients and all controls, the method demonstrated an adequate sensitivity by demonstration of an increase in pain perception after the burn injury.
Studies of postoperative neuroplasticity responses differ in regard to testing algorithms, stimulation methods, and stimulation sites. 2-4,6,9 -11,15-21 Our findings are in general agreement with two studies of patients undergoing herniorrhaphy 2 and hysterectomy 11 using pressure algometry in the incisional area and in a distant area. In both of these studies, no difference between preoperative and postoperative pain thresholds at the control site was demonstrated. In another hysterectomy study with von Frey monofilaments, no change in touch detection threshold or pain threshold was observed in the control area postoperatively. 19 However, this study only reported relative values and may have lacked sensitivity because no significant changes in sensory thresholds in the incisional area were observed after surgery. Thermal thresholds and thermal pain thresholds have been tested in dental surgery. 22 Thresholds in skin overlying the pain area did not differ from a contralaterally control area, but unfortunately, no preoperative control was reported. In a study of abdominal surgery with preoperative controls, both thermal and heat pain thresholds adjacent to the surgical incision decreased after surgery, 23 while no differences were observed at a distant control site. There was no change in mechanical thresholds.
The findings of an essentially unchanged postoperative sensitivity to mechanical and thermal stimulation of the skin distant to the surgical site are in contrast with a number of studies with electrical nerve stimulation, which have demonstrated an increase 15 or no change 9 in electromyographic reflex threshold, 18 an increase in sensory threshold, 10, 17 an increase in pain threshold, 10, 18 or a reduced pain threshold 9 after surgery. These discrepancies are not easy to reconcile, but painful mechanical and thermal stimuli activate nociceptors and low-threshold afferents, while electrical stimulation directly activates nerve fibers, including larger A␤ fibers. 9 Thus, activity in large diameter fibers may suppress or facilitate nociceptive transmission depending on the sensitization state of dorsal horn neurons. 1 Furthermore, pain per se 15 and analgesics, opioids 15 and paracetamol, 24 -26 may affect reflex thresholds and electrical pain thresholds, making interpretation in a postoperative setting difficult.
In the current study, we sought to compensate for any effect of analgesics on sensory and pain thresholds by administering the standard postoperative pain treatment, paracetamol and ibuprofen, for 2 days before the presurgery burn injury. The possibility of residual effects of the opioid-based anesthesia on sensory assessments in association with the postsurgery burn injury cannot be excluded, but it seems unlikely considering the pharmacokinetics and the small doses of sufentanil used. Furthermore, such single-dose interventions have not been shown to alter postoperative pain responses, as demonstrated from a number of randomized studies of preemptive analgesia. 27 Decreases in mechanical pain thresholds in the incisional or periincisional areas are well documented. [2] [3] [4] 6, 11, 21 In the current study, assessments were made in a contralateral segment to the surgical injury, and it may be argued that posttraumatic changes in nociceptive function predominantly takes place in the ipsilateral segment of injury, thereby explaining our negative findings. However, several experimental studies have indicated a central hyperexcitability of the contralateral flexor reflex after injury. 28 -30 In animal preparations, it has been observed that noxious heating of the skin may activate ␣-motoneurons in a contralateral segment, 31 indicating the potential of a "cross-talk" at the spinal level. In addition, intense noxious stimulation may activate the DNIC system and produce a powerful and widespread heterotopic inhibition of wide dynamic range neurons in the dorsal horn. 32 DNIC-like effects have been induced in experimental 33 and clinical pain. 34 Activation of DNIC requires a high-intensity nociceptive input, and it may be argued that the postoperative pain before the second postsurgery burn injury was of too low an intensity to activate DNIC because of the relatively small trauma of arthroscopic surgery. In a study of ischemia-induced DNIC on experimental, electrically induced pulpal pain, 35 the pain intensity of the conditioning stimulus was 59 (VAS, 0 -100 mm) compared to the surgical pain of 40 before the second burn injury in the current study. However, in the current study, knee surgery caused clinically significant postoperative pain and was therefore expected to induce functional changes at the spinal level.
The impression that a segmental nociceptive input may generate effects beyond the hyperalgesia territories is corroborated by recent findings that injury-induced neuroplastic changes with c-fos generation 36 and generation of cyclooxygenase 2 in the spinal cord takes place in both the ipsilateral and contralateral sides. 37 In conclusion, arthroscopic knee surgery did not modify nociceptive responses to a contralateral experimental burn injury.
